INTRODUCTION
Soon after Stanley in 1935 (1) succeeded in obtaining purified tobacco mosaic virus in the form of needle-like paracrystals, Bawden and Pirie (2) observed that aqueous solutions of the virus at concentrations greater than 2 per cent separated into two layers on standing for several days. As seen with crossed polaroids, the top layer is isotropic like ordinary solutions but the bottom layer is optically anlsotropic (permanently birefringent) like a non-cubic crystal. The top phase scatters more light than does the bottom phase, indicating that the particles are more randomly arranged in the top phase. Bernal and Fankuchen (3) have made a detailed x-ray diffraction study of the bottom layer at virus concentrations ranging from 13 to 100 per cent. In oriented specimens they found a regularity in distances perpendicular to the long axes of the rod-shaped virus particles at interparticle distances as great as 46 m#, the limit of distances practically obtainable with x-rays. The findings of Bernal and Fankuchen have evoked considerable interest in this problem because of the extraordinarily long-distance order (nearly 200 times that over which ordinary molecular forces act) and because the long range periodicity observed for the virus system bears a resemblance to that observed for certain biological structures.
Tobacco mosaic virus particles, like other protein substances, bear net negative charges at pH values above the isoelectric point. According to Langmuir (4, second part) and to Derjaguin (5) (see also references 6-11) charged colloidal particles suspended in a medium containing their gegcn (counter) ions will repel each other. It is apparent, although this point needs more careful consideration as will be shown, that the repelling virus particles will form an ordered (anisotropic) array if the solution is of sufficiently high virus concentration. From a consideration of the inter, particle repulsive energy alone, the isotropic phase should not coexist in equilibrium with the anisotropic phase. Onsager (12, 13) , however, has calculated the entropy for a solution of non-repelling rod-shaped particles and has shown that when a critical concentration is exceeded, the ensemble of rods will separate into two phases, an isotropic and an anisotropic phase, existing in equilibrium.
Besides the x-ray diffraction studies of Bernal and Fankuchen (3) , some investiga-tions have been made on the two-phase system, notably by Bawden and Piri~ (2), but there was still not enough experimental data to construct a quantitative theory of the two-phase formation.
In the present work the conditions for two-phase formation with regard to virus concentration, to electrolyte concentration, and to size of the virus particles will be given. The nature of the virus particles in top and bottom layers is determined by various measurements particularly light scattering. Light scattering is also employed to determine the thermodynamic properties of the virus in solution and to determine the index of refraction of the particles. The experimental data are then compared with the Onsager theory with modifications to take into account the size distribution of the particles and their mutual repulsive forces.
A by-product of the present work is the discovery that freshly purified samples of tobacco mosaic virus exhibit Bragg diffraction of visible light just as ordinary crystals diffract x-rays. This result gives further insight into the structure of the anisotropic phase and of the three-dimensional crystalline virus inclusion bodies found in the cells of plants suffering from the disease.
Preparation of the Virus Samples
The tobacco mosaic virus samples were purified by differential centrifugation by the method of Stanley (14) ; the method followed in the present work is given in the paper by Oster, Dory, and Zimm (15) . This method of preparation was employed in order to obtain virus particles of uniform size. Aqueous solutions of the virus which had been purified by ultracentrifugation once in 0.1 molar phosphate buffer at pH 7.0 and three times in distilled water have an electrical conductivity of about 1.5 × 10 -s reciprocal ohms, corresponding, if the ionic impurity were NaCI, to a salt concentration of about 1.5 × 10-a'molar. The pH of these solutions is about 6.$.
The size of the pellet obtained by ultracentrifugation depends very much on the amount of salt present in the virus solution. A series of solutions of the virus at a concentration of 0.4 per cent with varying amounts of salt present were centrifuged for 2 hours at 33,000 R.P.M. So that no nitrogen was detectible in the supernatant fluid. The supernatant fluid was drained off and the remaining pellets were weighed. It was found that for virus solutions containing (a) 0.1 molar phosphate buffer at pH 7.0, (b) 0.1 molar NaC1, (c) 0.01 molar NaC1, (d) 0.001 molar NaCI, and (e) essentially salt-free medium, the pellets contained on an average (a) 57 per cent, (b) 60 per cent, (c) 76 per cent, (d) 83 per cent, and (e) 90 per cent solvent respectively.
Aggregated virus samples were prepared by incubation of the virus at its isoelectile point (16) . In the present work an aqueous solution of the virus was brought to its isoelectric point (pH 3.92), and incubated there at 37°C. for 5 days; the clear supernatant fluid was removed and replaced with 0.1 molar phosphate buffer at pH 7.0 and incubated further at 37°C. for 1 day. The virus aggregated end-to-end was then centrifuged and resuspended three times in distilled water.
Light-Scattering Studies
Light-Scattering Apparatus.--The apparatus used is essentially a simplified and much less expensive model of the apparatus developed by Speiser and Brice (17) . In Fig. 1 is shown a diagram of the apparatus. It is operated in a dark room but it is only necessary to protect the scattering cell and the phototube from outside light. The source of light is a 100 watt H-4 Hanovia mercury lamp. Using suitable filters, this lamp provides monochromatic light of adequate intensity. The light from the lamp passes through a small hole in the lamp housing and is rendered nearly parallel on passing through a convergent lens which is placed a distance away from the hole equal to the focal length of the lens. The beam is collimated to give it a rectangular cross-section and passes into the cell containing the virus solution. The scattering cell is an ordinary 50 cc. Eflenmeyer flask and is mounted above a graduated scale (an inexpensive celluloid protractor is adequate) about which a movable arm with the detector is rotated. The detector is an RCA 931A photomultiplier tube blackened except at a portion in front of the photosensitive part of the tube and is mounted in a blackened housing. The housing contains a small peep hole for observations, when the phototube is removed, to align the apparatus, and to make visual measurements of diffraction phenomena to be described. The light falling on the detector is properly collimated so as to allow in light from the scattering cell of only a small angle of divergence.
The photomultiplier tube with the appropriate electrical circuit amplifies the current produced at its photosensitive electrode by about one million times and ,;s thus capable of detecting light of intensities nearly as feeble as those detectible by the dark-adapted eye. The electrical circuit is a standard arrangement (see for example, reference 18). The constant voltage supply is provided by four of the new type compact 300 volt batteries, the total voltage being divided in ten parts with half megaohm resistors. The photocurrent is measured with a Rubicon galvanometer with a sensitivity of 0.008 ~ a per ram. defection. A shunt which decreased the current in steps of ten is placed across the galvanometer. Unlike photoconducting cells, the photomultiplier tube shows a linear current response over a wide range of intensities. For most of the data reported here, the apparatus is used at one-hundredth or less of its possible sensitivity. Incidentally, by introducing a yellow filter between the cell and the detector and by using a blue filter at the light source, this apparatus becomes a sensitive fluorimeter. The apparatus is also an effective particle counter for bacterial and aerosol work.
Turbidity Measurements.--The turbidity, r, of a light-scattering system is a measure of the energy withdrawn in the form of scattered light when a beam of fight traverses the system. The turbidity is defined as I = I0e -'z where I and I0 are the intensities of the transmitted and incident beams respectively and I is the path length. For a path length of 1 cm. in a fight-scattering colorless system, the turbidity is equal to 2.303 times the optical density.
The turbidity of the virus solutions was determined in the apparatus described above by placing the detector at 0°; that is, directly in the transmitted beam. The apparatus with a given scattering sample was calibrated with a solution whose optical density had been determined in a sphectrophotometer at the same wave length used in the apparatus. Since the photomultiplier tube shows some fatigue with high intensity light, a neutral filter of 10 per cent transmission is placed before the detector in these experiments. In Fig. 2 is shown the turbidity, in terms of the optical density, for green light (k = 546 m~) as a function of virus concentration in the presence of varying amounts of salt. In all cases, the solutions are well mixed just before the measurements are taken. This is important in the case of the salt-free solutions above 2.3 per cent in virus concentration since such solutions separate on standing into two layers and the turbidity is different in the two layers. Fig. 2 shows that below 1 per cent with virus the turbidity is roughly directly proportional to the concentration of the virus but at higher concentrations the turbidity is less dependent on the virus concentration. In the case of the saltfree solution, the turbidity actually decreases with increasing virus concentration. This effect is particularly striking in the case of purified solutions of the Holmes rib grass strain of tobacco mosaic virus which can be rendered more free of its ionic impurities than can the ordinary strain. The turbidity of salt-free solutions of the Holmes rib grass strain shows a steep decline with virus concentration above 1 per cent; such solutions being nearly water-clear. Fig. 2 also shows that for a given concentration of virus, the solution shows greater turbidity the greater the salt concentration except at infinite dilution where all the curves tend to converge.
The turbidity, ~', of a solution of optically isotropic particles small compared 0. to the wave length of light, ),, is related to the osmotic pressure, P, by the Einstein expression (for a detailed derivation, see reference 19, section III, 2).
(I)
where c is the weight concentration (gm. per cc.), N is Avogadro's number, R is the gas constant, T is the absolute temperature, n is the refractive index of the solution, and no is the refractive index of the solvent. The refractive index increment, n -n o / C is a constant independent of concentration. For a solution of particles of molecular weight M and weight concentration c the osmotic pressure is given by a power series in c in which, as will be explained presently, B is related to the effective volume of the particles in solution. Introducing this expression into Equation 1 we obtain, after rearranging, the result due to Debye (20) 
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In Fig. 3 the data of Fig. 2 for the turbidity of the virus in buffer and in water are plotted as H c / r versus c. The specific refractive index increment of tobacco mosaic virus equals 0.169 (15) and for green light (X --546 m#) H --3.15 X 10-s. From Fig. 3 we calculate that B (one-half the slope of the curve) for the virus in buffer equals 6.3 X 10-7. The curve for the virus in water is linear below 2 per cent of virus and we calculate for the straight line portion that B equals 33.5 X 10 -7. The turbidity of the aggregated virus in buffer was also measured for the same virus concentrations and the value of B found was equal to that for the unaggregated virus in buffer. The intercept at infinite virus dilution was, however, less than that for the unaggregated virus. The reciprocal of the intercept of both curves in Fig. 3 gives a value for the molecular weight of M = 40 X 106 agreeing with the molecular weight obtained by right angle scattering measurements (15) . Equation 1 is strictly applicable only to particles which are small in size compared to the wave length of the light. For tobacco mosaic virus, although its length is about one-half the wave length, nevertheless exhibits a turbidity at 0 ° as if it were a small particle. This is also shown by the fact that the turbidity as measured in a spectrophotometer is found to be proportional to 1/~ 4. Apparently because of its thinness, the tobacco mosaic virus particles do not exhibit appreciable intraparticle light interference to cause a deviation from the 1/X 4 relation as is observed, for example, with the spherical influenza virus particles (21) . For angles other than 0 °, however, there are large deviations from ideal light-scattering behavior because of the finite length of the tobacco mosaic virus particles (see dissymmetry measurements below).
The turbidity of a solution will be less the closer the refractive index of the solvent is to that of the solute particles. The intensity of scattering at 90 ° for a 1 per cent solution of the virus in various mixtures of water, glycerol, and aniline was determined. The mixtures were s~m~]ar to those used by Lauffer (22) in his flow birefringent studies of the virus. The difference of scattering of the virus solution and that of the pure solvent mixture decreased continuously with increasing refractive index of the medium and was zero at a solvent refractive index of 1.56, a value close to that obtained by Lauffer for the disappearance of flow birefringen~ce. Just as with the flow birefringence, the fact that there exists a single refractive index for which the scattering by the virus disappears indicates that the virus particles have very little or no optical anisotropy. Incidentally, it may be shown that assuming the additivity of refractivity of a solute and its solvent, the specific refractive increment of a solution should be equal to the partial specific volume of solute times the difference of refractiv~ indices of the solute and of the pure solvent. Thus, in and approached zero for infinite dilution. The depolarization with blue light (~ ---436 m/z) also decreased linearly with decreasing concentration and approached zero at infinite dilution, the slope of the decrease being twice that for green light. The vanishing of the depolarization at infinite dilution is further indication that the virus particles are optically isotropic. The finite value of the depolarization at higher virus concentrations is due to multiple scattering which may be decreased by decreasing the turbidity of the sample (see reference 19, section II, B4). Dissymmetry Measurements.--Particles which have a linear dimension comparable or greater in size than the wave length of the incident light will scatter more light in the forward than in the backward directions. As Debye has pointed out, measurements of the ratio of the intensity of light scattered in some forward direction to that in some backward direction, the dissymmetry of scattering, enable a determination of the largest dimension of the particle (see references 20 and 24 and reference 19, section II, B3).
The dissymmetry for 45 ° and 135 ° with green light was measured for the same solutions as those represented in Fig. 1 . In all these cases the dissymmetry, when extrapolated to infinite virus dilution, is the same and is equal to 2.08. This value of the dissymmetry at the angles and wave length used corresponds to that for a rod 280 m# in length (see Fig. 7 of reference 19). Thus, at infinite virus dilution the particles in the various salt solutions are the same size. For all these solutions the dissymmetry at first decreases with increasing virus concentration, the decrease being greater the lower the concentration of electrolyte. In the case of the nearly salt-free solution the dissymmetry goes through a minimum (see Fig. 4 of reference 25). For a given electrolyte concentration, the decrease of dissymmetry with virus concentration is greater the shorter the wave length of scattered light (25) . The concentration dependence of file dissymmetry for the virus solutions can be explained in terms of interferences between the light scattered from the particles which at higher virus concentrations are no longer at random positions with respect to one another. The value of B can be calculated from the slope of the dissymmetry versus virus concentration curves for low virus concentrations and agrees with the values of B obtained from the curves of Fig. 2 (for details, see references 25 and 26).
Since the dissymmetry at 45 ° and 135 ° is not very sensitive to particle length when the length of a rod exceeds about two-thirds of the wave length of the light incident upon it, angles closer to 90 ° were chosen to determine the length of the very long particles in the aggregated samples. The dissymmetry at infinite dilution for the 60 ° and 120 ° with green light is 1.70 for the aggregated sample corresponding to rods of average length of about 1000 m~. At 45 ° and 135 ° the aggregated sample has a dissymmetry of 2.4, the largest theoretically possible value for long thin rods. The decrease in dissymmmetry with virus concentration is greater for the aggregated sample than for the unaggregated sample with the same electrolyte concentration.
At its isoelectric point the virus rods aggregate side-to-side as is seen from its very large dissymmetry. Thus, for a 0.004 per cent solution of virus at its isoelectric point the dissymmetry is 4.8 corresponding to large and not elongated aggregates. On dilution the aggregates break down into the individual virus particles and the dissymmetry approaches a vdlue of 2.1. Addition of large amounts of ammonium sulfate also causes side-to-side aggregation with an accompanying large dissymmetry.
Two-Phase Formation
An aqueous solution of tobacco mosaic virus freshly purified by ultracentrifugation will form two phases on standing at 4°C. for 1 day if the virus concentration exceeds 2.3 per cent. For a 2.3 per cent solution, the volume of the bottom phase (the permanently birefringent phase) equals the volume of the top phase (the optically isotropic phase). From the bottom phase there separates still another phase, the iridescent gel, described below.
Mter shaking or stirring the two-phase system, the entire solution becomes optically isotropic, but the anisotropic phase gradually forms again on allowing the solution to stand. If, however, the solution is diluted, the bottom phase is irreversibly destroyed. Incubating at 50°C. does not seem to affect the twophase system. Salts at ionic strengths above 0.005 molar cause the system to be isotropic. At high salt concentrations (above 0.5 to 1.0 molar) the virus is salted out. The effect of salts will be discussed in detail presently.
The top phase scatters considerably more light than does the bottom phase although the bottom phase has, for several samples measured, on an average a concentration of 40 per cent greater than that of the top phase. The decreased light scattering by the bottom phase is consistent with the idea that the particles are arranged in an orderly fashion. Since the results of depolarization experiments indicate that the particles themselves are not intrinsically anisotropic, the permanent birefringence exhibited by the bottom phase must be due to the isotropic rod-shaped virus particles being arranged with their long axis parallel. If the particles were arranged in compact bundles so that the particles were touching side-to-side, the system as a whole would be nearly optically isotropic and would, therefore, show little or no birefringence. Further, such bundles would scatter light as large clumps and show a very great turbidity and dissymmetry just as the virus solution does at its isoelectric point or when large amounts of electolyte are present. This is not the case for the bottom phase, however, since it exhibits very little turbidity and has a dissymmetry equal to 1.0. Both the turbidity and dissymmetry are low because of the interferences in scattering from the ordered system. For ten two-phase systems, the bottom phase had on an average 370"/0 greater electrical conductivity than did the top phase. This result is consistent with the virus concentraton differences between top and bottom since the counter-ion concentration should be proportional to the protein concentration. The lengths of the particles in the top phase are equal to those in the bottom phase. Both top and bottom phases gave, on infinite dilution, the same dissymmetry--2.08 at 45 ° and 135 ° with green light. Electron micrographs of highly diluted top and bottom phases showed practically the same particle size distributions with about 70 per cent of the particles being 280 m/~ in length corresponding to a molecular weight of 40 million. The results for the freshly prepared (normal) two-phase system are summarized in Table I .
The virus concentration necessary for two-phase formation is much lower in the case of the aggregated material than in the case of the normal material. In Fig. 4 is shown the ratio of volumes of the bottom (VB) to the top (Vr) phases as a function of mean concentration of the aggregated virus. The twophase system forms at a concentration as low as 0.5 per cent. Above 2.5 per cent the entire system is permanently birefringent. Whereas the normal (unaggregated) system shows a rather abrupt loss of the bottom layer when the system is diluted to less than about 2.3 per cent, the aggregated system shows a continuous decrease in the size of the bottom layer as the system is diluted. In all cases, the dilutions are accompanied by shaking of the solutions and then allowing them to stand for a few days until equilibrium (no further change in volume of the bottom layer) is reached. For two-phase systems below 1 per cent in average virus concentration the concentrations of the top and bottom layers are nearly equal as are their electrical conductivities (Table I ). The lengths of the particles in the bottom layer are, however, somewhat greater. The dissymmetries at 60 ° and 120 ° were found to be 1.69 and 1.71 for the top and bottom layers respectively when diluted to in6uite dilution. The decay of flow birefringence of such samples is quite slow. Samples (mean concentration of 0.7 per cent) of the top and bottom layers were diluted to 1:I0 in phosphate buffer and test tubes containing the solutions were inverted between crossed polaroids. The birefringence of the top solution disappeared in about one-half second while that for the bottom solution disappeared in about 1 second indicating that the particles in the bottom are longer than those in the top.
Since the rotational diffusion constant for a thin rod is proportional to the inverse third power of the length of the rod, the particles in the bottom should be longer than those in the top by the cube root of the ratio of their respective times of decay; i.e., the particles in the bottom are very roughly 26 per cent longer than those in the top. The difference between the times of decay of birefringence for top and bottom samples of the two-phase system of 2 per cent average concentration is not as pronounced as that for the 0.7 per cent solution, indicating that diluting the two-phase aggregated system brings about a fractionation of sizes with only the longest particles persisting in the bottom layer.
Electron micrographs of the top and bottom layers of the 0.7 per cent twophase system were made to determine the size distribution of the particles. Because the particles are very long it is necessary that the solutions be made very dilute in order to reduce entanglement of the particles. For this reason only about thirty particles are present in each micrograph. In Fig. 5 is given the size distribution of the particles from ten electron micrographs each for top and bottom layers. The results are expressed in terms of weight per cent; that is, the fraction of the total weight of the particles having a given length. The reason for expressing the results in terms of weight per cent will become apparent in the discussion. The weight average molecular weight is defined as ~N~M~/F-,NiM~ where Ni is the number of particles having a molecular weight M~. The weight average molecular weight of the top layer is 107 million and that of the bottom layer 154 million. That is, on a weight basis, the particles in the bottom layer are 50 per cent longer than those in the top layer. F~¢. 5. Size distribution of particles in the top phase (white area) and in the bottom phase (shaded area) for 0.7 per cent two-phase system of the aggregated sample. Samples of purified virus in which the particles were broken down to lengths of 140 m~ or smaller by 64 minutes of sonic irradiation (16) do not form two phases even at concentrations as high as 8 per cent.
Effect of Electrolytes.--The two-phase system is destroyed by the addition of small amounts of electrolyte. The curve in Fig. 6 shows that file bottom phase in a 1.5 per cent aggregated sample disappears at about 0.005 molar NaC1 concentration. Best (27) has found that the higher the salt concentration, the greater the virus concentration must be in order to retain the bottom phase and the author has confirmed this result. The entire system is isotropic at NaCI concentrations from 0.005 molar to 1.0 molar. Above 1.0 molar NaCI (above 0.25 molar in the case of CaCI~) the virus is salted out leaving the supernatant practically virus-free. At these high electrolyte concentrations the salted-out virus settles to the bottom of the vessel in the form of optically anisotropic bundles or tactoids of the rod-shaped virus particles. The tactoids are whitish in appearance indicating that they are very large light-scattering aggregates and they appear to be identical with Stanley's paracrystals (1) . Very slow salting out of the aggregated material results in the formation of mesomorphic fibrils (see Bawden (28) ). If the solution is of sufficiently high virus concentration (about 5 per cent or greater), addition of large amounts of electrolyte will form tactoids which become entangled and do not, therefore, settle to the bottom of the vessel.
The changes in optical and mechanical properties of the bottom layer on the addition of small amounts of salt, are quite striking. The bottom layer of the two-phase system of normal virus is a thixotropic gel. That is, for small dis- placements the system acts as an elastic solid (as may be observed by following the movement of an entrapped air bubble in the solution when the vessel is slowly rotated to and fro) but for larger displacements it flows, the viscosity decreasing with increasing flow. On addition of 0.005 molar NaCI, the turbidity increases, the permanent birefringence disappears, and the solution flows like an ordinary fluid.
Iridescent Gd.--As indicated earlier, a phase will settle out in the bottom layer of a freshly purified sample which shows distinct iridescence when illuminated by white light. If this phase is illuminated with monochromatic light, the color is reflected strongly from the sample at a definite angle. At other angles the light is scattered in a uniform manner. The light-scattering apparatus is employed to determine the angle at which each color is reflected. The phototube is removed and visual observations are made through the peep hole. The mercury lamp is employed with suitable falters to observe the reflections for blue, green, and orange light. Since this lamp is weak in emission of red light, an ordinary 100 watt tungsten filament with a suitable filter is employed to observe the reflection of red light. From the results given in Table II , it is seen that the shorter the wave length of the light, the smaller is the angle of reflection.
Each color is reflected most strongly at one angle and at no other; that is, only first order reflections are present. The sine of half the angle of reflection divided by the wave length is, for all the colors, a constant. This is exactly Bragg's law for the diffraction by an ensemble of reflecting planes at uniform distance, D, apart, namely
where 0 is the angle of reflection taken from the transmitted beam (this angle is twice that taken by Bragg). This relation which is commonly used in x-ray diffraction studies holds only for equidistant planes but does not hold for oneor two-dimensional arrays of scattering points (29) . The diffraction phenomena exhibited by uniform size particles such as bacteria or red ceils randomly arranged on a surface or in solution likewise do not obey Bragg's law (19, 30) . The wave length, X t, is the wave length of the fight in the medium; i.e., the wave lengths given in Table II divided by the index of refraction of the medium, 1.33. For x-rays the index of refraction is very close to unity so that this correction is generally not made in x-ray crystaIJography. From Equation 4 the distance between reflecting planes is calculated to be about 340 m#. The significance of this result will be considered later. Under crossed polaroids the bottom layer of a two-phase system shows colored regions. This is an interference phenomenon characteristic of optically anisotropic bodies. In the case of the bottom layer of an aggregated sample the colored regions on dilution increases in size and become whitish before the permanent birefringence disappears below 0.5 per cent. Fresh iridescent gels exhibit smaller regions of birefringence than do other samples. These regions appear in the polarizing microscope to be about 5 to 20 microns in diameter. The smallness of the crystallite regions is manifested in the lack of sharpness of the Bragg reflection lines. As one goes from blue to red light, the reflection line becomes broader. From the work of Scherrer, yon Laue, and others (for review, see reference 31, chapter 3), it is shown that the x-ray reflection lines from crystals are broader the smaller the number of cooperating reflecting planes. This should also be the case for Bragg reflection of visible light, The reflection line is superimposed upon the normal scattering curve of the virus solution (see Fig. 7 ). The angular width fl (in radians) of the peak at one-half its intensity is related to the thickness t of the crystallite regions by the approximate formula
The half-width of the reflection peak is about 5 ° (after subtracting out the angular divergence inherent in the apl~ratus--about 2 °) or 0.1 radon, so from Equation 5 and the data for blue light of Table I , the average thickness of the crystallites is calculated to be 5 microns. Equation 5 is based on several assumptions (31) including the type of crystal (whether cubic, etc.) and the type of size distribution of the crystallltes, the smallest crystallites having the greater effect on the broadening, so that we may regard the calculations as giving an order of magnitude of size of the smaller crystallites of the iridescent gel.
In some freshly purified virus preparations, the entire bottom layer may be iridescent but if the sample is allowed to stand the iridescence settles to the bottom of the vessel and finally disappears after a few weeks. For these older samples the bottom layer shows in electron micrographs, more particles with lengths greater than 280 m/~ than appear in electron micrographs of iridescent gels. Purified samples of the Holmes rib grass strain of tobacco mosaic virus, particles of which show less tendency to aggregate end-to-end than do those of the ordinary strain, form more stable and sharper reflecting iridescent gels. When a two-phase system with the iridescent gel in the bottom is inverted, small crystallites which happen to be momentarily oriented at the correct angle for Bragg reflection give off, on illumination with white light, a twinkling colored light, the color depending on the angle at which the system is observed.
The angles of reflection for iridescent gels in two-phase s);stems of average virus concentration of 2.3 per cent and 4.0 per cent appear to be identical. Some freshly purified samples show iridescence in the centrifuged pellets (10 per cent in virus concentration) but the reflection angles could not be determined because of the curvature of the bottom of the centrifuge tube.
DISCUSSION
Prior to a quantitative treatment of the experimental data, the following qualitative arguments for the reason for the formation of two phases in a solution of rod-shaped particles will be considered. If the rod-shaped particles are crowded, the orientation of any one particle will determine the orientation of its neighbors so that ordering will set in. Such ordered groups of rods are more efficiently packed than are rods in random orientations so that a group of regularly arranged rods will have a greater density than the solution of randomly oriented rods surrounding it and consequently will sink to the bottom of the vessel to form the anisotropic bottom layer. A picture of the two-phase formation may be seen from the schematic diagrams of Fig. 8 . In I a is shown a system of randomly oriented rods of sufficiently high concentration that they cannot exhibit their complete rotatory Brownlan movement. If, however, as in I b, some of the particles are packed into the bottom layer, the remaining particles in the top are free to exercise their complete Brownian movement. It is conceivable, therefore, that system I b has a greater entropy (probability) than has system I a since, although there is a loss of entropy by placing some of the particles in the ordered array, there is a greater gain in entropy in the top layer. For a system of rods of uniform length it is necessary to have a greater concentration in the bottom layer in order to afford sample room for rotatory movement of the particles in the top layer. With a system of rods of different lengths (II), the longest particles have much greater effective volumes than do the shorter particles and the removal of a few long particles will enable the shorter ones to exert their uninhibited rotatory movement (IIb). It is clear, therefore, that the difference in concentration between top and bottom layers will not be as great as that for a system of uniform size particles.
Roughly speaking, we would expect the two phases to form when the concentration of the particles is such that the effective volume of a particle exceeds the volume of solution available per particle. As will be shown, the effective volume of a particle is obtained from the second virial coefficient, B, of the osmotic pressure of the virus solution, Equation 2, whose value we determined experimentally by light scattering. When a substance is dissolved in a solvent the chemical potential (the free energy per molecule) of the solvent is lowered giving rise to an osmotic pressure for the solution. There will be local inhomogeneities in concentration and therefore in index of refraction, the inhomo- geneities being brought about by the expenditure of osmotic work, so the solution will scatter light. In the osmotic pressure expression, Equation 2, the term proportional to the first power of the concentration, the van't Hoff term, is the value of the osmotic pressure for an ideal solution. This term is the entropy contribution of the solute molecules which at infinite dilution may occupy any position in the solution just as gaseous molecules at infinite dilution (an Meal gas) may occupy any position in the vessel in which they are contained.
The term in Equation 2 proportional to the square of the concentration takes into account that the particles are of finite size and are interacting. As the concentration is increased, the total volume available per particle is, to a first approximation, the total volume minus the volume of the particles or, rather, their covolume. At the same time one must consider the interactions of the particles with one another and with the solvent. In the case of the dilute solutions of proteins, the interaction of the solute with the solvent does not appreciably influence the thermodynamic behavior of the solution. The energy of interaction of solute particles with the solvent molecules is given by the heat of dilution, but it has been found (see, for example reference 32) that for proteins in water, the heat of dilution decreases rapidly on dilution of very concentrated solutions and is negligibly small at protein concentrations below 60 per cent. It is as though the dry protein when placed in a small amount of water combines vigorously with the solvent with the expenditure of a large amount of heat and the particles are coated with a layer or two of water. No heat is liberated on further addition of water to this wet protein. Since the present paper is concerned only with dilute protein solutions, energy terms associated with the solute-solvent interactions may be omitted from the discussion.
If the solute particles repel one another with a force which falls off rapidly with distance, the second virlal coefficient, B, is given by B = ~ b + ~-~ where b is the covolume of the particle and a is a constant with positive sign proportional to the energy of repulsion. For a van der Waals gas a has the opposite sign since then the interaction force is attractive (see, for example, reference 33, chapter 7). Repulsion between the particles increases the size of their effective volume. The terms proportional to higher powers of the concentration in Equation 2 take into account the simultaneous interactions of three, four, etc. molecules and are difficult to evaluate mathematically. given by lid. In the case of the normal tobacco mosaic virus particles, the covolume is nearly twenty times the actual volume of the particles. In a similar manner it may be shown that the ratio of the covolume to the actual volume of a thin circular disc is given roughly by the ratio of the diameter to the thickness of the disc. Thus, solutions of elongated rods (e,g., tobacco mosaic virus particles) or of thin discs (e.g., bentonite particles) Mll show considerable deviation from ideal osmotic pressure even at relatively low concentrations because for such particles the covolume per unit weight is large. The forces of interaction between the virus particles are probably of electrostatic origin. The particles are negatively charged and gather around them mainly the positive ions of the ionic impurities present to form the diffuse double layer. The mean thickness of the double layer is given approximately where v is the number of ions per cubic centimeter, k is Boltzmann's constant, e is the charge on the electron, ~" is the potential of the particles (the zeta potential), and R is the distance between the plates. The force is zero for zero zeta potential, the condition at the isoelectric point. Equation 6 is derived under conditions of weak interactions but, as Verwey and Overbeek have shown, essentially similar results are obtained for strongly interacting particles at large distances of separation. The derivation of the analogous equation for rod-shaped particles in parallel orientation is mathematically quite difficult to derive exactly but leads to an expression having the same exponential factor as that of Equation 6 . The theoretical significance of Equation 6 is that the interacting force is repulsive and the force decreases very rapidly as the distance between the particles is increased. Equation 6 further shows that the repulsive force becomes short range, i.e. decreases more rapidly with distance, the greater the value of K, the reciprocal of the thickness of the ionic double layer. Thus, addition of electrolyte which decreases the thickness of the double layer has the effect of making the repulsive force have a shorter range. Levine (38) , Levine and Dube (39) , and CorkiU and Rosenhead (40) have developed theories which have attempted to show. that two charged colloidal particles will attract each other at large interparticle distances due to an overlapping of their ionic atmosphere. These theories have been shown by Derjaguin (5) (see also references 8-10) to be in error because of the neglect of these authors to take into account the thermal motions of the ions between the two colloidal particles. From a thermodynamic point of view, the authors have calculated the electrical field energy but not the free energy of the system; that is, they have neglected the entropy of the ions. When two colloidal particles with their double layers are forced to approach each other, the ions between the particles exert a greater osmotic pressure than they do in the bulk of the solution and this leads to a repulsion between the particles. Levine (11) in a later paper, has developed a more general theory and arrives again at the conclusion that the particles will attract one another but, as pointed out by Overbeek (reference 9, discussion), the conclusions reached by Levine are due to an error in the choice of certain boundary conditions and that actually the particles should repel one another. This error has been corrected by Levine (reference 11, discussion) and his theory then leads to repulsion between the particles.
From Fig. 3 , the reciprocal specific turbidity as a function of virus concentration, we calculated for the virus in buffer B --6.3 X 10-L If the rods were not N~r dl ~ interacting, the theoretical value should be B -~ MS or, for the normal virus particles B should equal 3.4 X 10 -7. Thus, the virus particles in the salt solution behave thermodynamically like particles about twice their covolume. This is in agreement with the results obtained from the measurements of the weight of the centrifuged pellets described earlier. For the virus in nearly salt-free medium B calculated from the linear portion of the curve of Fig. 3 is equal to 33.5 X 10-7; i.e., nearly ten times the theoretical covolume for non-interacting rods. This again is in agreement with the results found from measurements of the weight of the centrifuged pellets in which in this case the pellet was found to contain 90 per cent water. As seen in Fig. 3 , higher terms than Bc 2 in the virial expansion, Equation 2, become important at concentrations above 2.3 per cent in virus, but this is the value for the minimum concentration for twophase formation and for the purposes of this paper it is not necessary to evaluate terms in the virial expansion above this concentration.
In the previous paragraph the term "hydration" has been consciously avoided. The concept of hydration has been frequently used to account for deviations from thermodynamic ideality of protein solutions. Thus, Burk and Greenberg (41) found that the osmotic pressure of several protein solutions could be represented by the following function of the concentration, c,
where K and h are constants independent of the protein concentration. Incidentally, for low concentrations (he small compared to unity) Equation 7 show large values of h ranging from 1.6 (160 per cent water "bound") for native hemoglobin to 19.0 (1900 per cent water "bound") for denatured serum globulin. However, a characteristic property of a denatured protein is that it is less hydrophilic than is the protein in the native state (43) . The greater deviation from ideality exhibited by denatured proteins is probably attributable to their more elongated form (unfolded state) since such elongated particles give greater deviation from ideality than does the same weight of spherical par-ticles. Besides the shape factor, there are electrostatic repulsive forces which bring about l~ge deviations from ideality. The forces can, according to Equation 6, be suppressed by salts or by bringing the protein to its isoelectric point. It has been suggested (42) that the protein molecules my act as sponges and therefore imbibe large amounts of water and swell. This suggestion is not, however, consistent with the x-ray diffraction data of crystalline proteins (44, 45) in which it appears that any swelling of the crystals does not alter the internal spacings of the protein molecule but only alters the distance between protein molecules making up the crystal. Bernal and Fankuchen (3) found that the x-ray diffraction pattern due to the internal structure of the tobacco mosaic virus particles is independent of the amount of water present. It is also unlikely that many layers of water molecules are electrostatically bound to protein molecules in solution. Size determinations of ions in solution from their electric mobilities (46, 47) indicate that there are at most two layers of water associated with each ion. Furthermore, if there were many layers of water electrostatically bound to proteins, the effect should be greatest at the isoelectric point where the protein has its maximum total charge, but as experiment shows (41), the deviations from ideality are at a minimum at the isoelectric point. We do not preclude the possibility that particles with highly organized structure, such as that of vaccinia virus, can imbibe large amounts of water (48, 49) . Gels such as those of gelatin which indicate that the structure is held together by fibrillar cross-finks between the micelles (50) can also imbibe considerable amounts of water. Studies of the absorption of water on tobacco mosaic virus gels (51) show that the virus is not appreciably hydrated. Indirect calculations from buoyancy measurements of the virus indicate that the particles are 15 per cent hydrated, corresponding to a shell of two layers of water molecules on the particles (52) .
In the qualitative picture given above, correlation in orientations of the rod-shaped particles would become important when the volume of solution available per particle is of the order of magnitude of the thermodynamically effective volume of the particle. Now, the volume available per particle is given by M/cN and the effective volume of the particle is given, in terms of the second virial coefficient, by BM~/N. Equating these two quantities and solving for c, we find that the minimum concentration for two-phase forma-
The more quantitative theory of Onsager (12, 13) predicts a value for the minimum concentration 3.34 times that calculated from the crude approximations given above. Onsager has solved the difficult mathematical problem of obtaining a theoretical expression for the second virial coefficient B for a liquid crystal made up of rods; i.e., a system in which the orientation of a rod is determined by the orientation of its neighbor but the position of the rod in space is random. He then applies the conditions for equilibrium between the isotropic and anisotropic phases; namely, that the chemical potential of the particles in the two phases is equal and the osmotic pressure of the two phases is equal. Since the ion concentrations are proportional to the protein concentrations in the two phases (Table I) we may regard all the particles as having the same thickness of double layer and treat them each as kinetic units without considering the distribution of ions between the two phases. For a system of elongated rods of uniform length, Onsager calculates numerically the minimum concentration for two-phase formation to be 3.34/BM for the isotropic phase and 4.49/BM for the anisotropic phase in which B is in both cases the value for the isotropic phase. The ratio of the concentrations is, according to his theory, 1.34 while the observed value is 1.40 (normal sample-- Table I ). Inserting the value of B found from the light scattering of the effectively salt-free solution and since M equals 40 million, we calculate that the minimum concentration for two-phase formation is 2.5 per cent which agrees well with the observed value. If the particles were not repelling one another the minimum concentration would be ten times this value.
For a system of rods of different lengths it is necessary to extend the theory of Onsager somewhat. Particles of different lengths will have different values of BM. The coefficient B is proportional to the square of the lengths of the particles or to the square of their molecular weights since the particles are rigid rods. It therefore follows that the concentration for two-phase formation is inversely proportional to the weight average molecular weight as defined earlier. Thus, for a polydispersed system the ratio of concentrations of the bottom to the top is 1.34 times the weight average molecular weight in the top divided by the weight average molecular weight in the bottom. From the observed values of the molecular weights for the aggregated sample the ratio in concentrations is calculated to be 0.93 compared with the observed value 1.05.
A further extension of the ideas expressed above shows the dependence of the minimum virus concentration for two-phase formation on electrolyte concentration. Since the minimum virus concentration is inversely proportional to the effective volume of the particles which in turn is proportional to the diameter of the particles plus the thickness of the double layer, the minimum concentration should increase with increasing salt concentration which decreases the thickness of the double layer. The thickness of the double layer is proportional to 1/v~-where s is the salt concentration so, therefore, the minimum virus concentration should be inversely proportional to d + ~-~ where m is a constant and d is the diameter of the virus particles. The data of Fig. 6 show that the ratio of the volumes of the bottom to the top layers depends roughly on the inverse square root of the salt concentration. This indicates that fewer and fewer particles of the polydispersed sample are long enough for two-phase formation as the thickness of the double layer is reduced by increasing the salt concentration.
Onsager's theoretical treatment is, for mathematical reasons, based on the assumption that the particles are highly elongated. The normal virus particles have an axial ratio of 20 to 1 but the particles in solution with their double layers (30 m~ thick for a salt concentration of 10 -4 molar) have an axial ratio of about 5 to 1. A more complete theory would have to take into account that the particles are not highly elongated. Furthermore, Onsager considers the correlation in orientation of pairs of particles only. However, as shown from the light-scattering data terms higher than c ~ in the virial expansion become important only above 2.3 per cent, but this is the minimum concentration for two-phase formation so that it is not necessary in the present work to consider what takes place above that concentration. The agreement of the Onsager theory with the observed data indicates that the physical assumptions of the theory are satisfied by the virus system at a virus concentration up to the critical concentration for two-phase formation.
Langmuir in the first part of his paper (4) presents a theory of the two-phase formation from an entirely different point of view than that presented here. He treats the colloid particles and their counter-ions as an electrolyte of many single charged ions, the counter-ions, plus a few highly charged colloid particles, and then proceeds to apply the linear approximation Debye-Htickel theory. There is a fallacy in such a procedure, however, since even for triply charged ions the linear Debye-Hiickel theory ceases to be valid for finite concentrations (see, for example, reference 33, chapter 9) and, therefore, does not apply at all to a virus particle with a charge of about two hundred times the charge on a sodium ion. Bergmann, LSw-Beer, and Zocher (7) have developed a theory which explains their observations on the laminar structures in solutions of plate-shaped colloidal particles of iron oxide. These large particles settle in the containing vessel giving a sediment which exhibits light diffraction, the supernatant being optically clear and free of particles. It is possible that the same phenomenon takes place in suspensions of red blood cells. The authors equate the repulsive forces due to ionic double layers to the gravitational force tending to settle the plate-shaped particles to the bottom of the vessel. The interparticle spacing is less, the greater the salt concentration; that is, the thinner the double layer. Incidentally, these authors assume that the charge on the particles is independent of the interparticle distances whereas other. authors (4, 5, 6, (8) (9) (10) (11) assume that the potential on the particles is independent of interparticle distance (see Equation 6 ). In either case, the presence of the double layer leads to a repulsion between the particles. Which boundary condition to choose in the case of proteins is difficult to decide. Perhaps for proteins both the potential and the charge are altered by changes in the interparticle distance but the result always leads to repulsion.
It has been suggested by Verwey and Overbeek (8-10) that for lyophobic colloids the van der Waals attraction between the colloid particles may be sufficient to overcome the double layer repulsion even at rather large inter-particle distances. Since van der Waals forces are additive, large particles should show a greater attractive force than should small particles. Thus, Hamaker (53) calculates that two plates should attract one another with an energy inversely proportional to the second power of the distance of their separation. This is much longer range than the energy of attraction between atoms which is inversely proportional to the sixth power of the distance (54) . For a pair of long thin rods of cross-sectional area S parallel to one another at distance R it may be shown by integrating over the lengths of the rods that the energy of van der Waals attraction is proportional to S2/R 4. For proteins in water the constant of proportionality is approximately 10 -1~. For tobacco mosaic rods about 30 m~ or greater apart, this energy is much less than the thermal energy tending to disrupt the parallel arrangement. The double layer repulsive force would further weaken the over-all attraction except at high salt concentrations or when the zeta potential on the particles is low. Under these latter conditions the virus particles may be able to come close together to form bundles or tactoids, the so called "equilibrium" gels of Bernal and Fankuchen (3) . Although the van der Waals attractive forces are negligible in the case of the virus solutions considered in the present case (they are even less when relativistic corrections are applied to the van der Waals energy (55)), they may be important not only for the virus in concentrated electrolyte solutions and at the isoelectric point but also in the case of periodic structures such as protein crystals (44, 45) and the myelin sheath of nerve fibers (56) . In these cases the interparticle distances are much less than those of the virus solutions in the concentration range studied in the present work.
If the virus particles had long permanent dipole moments they would tend to arrange themselves by dipole-dipole forces in antiparallel positions with respect to one another. According to the recent work of Benoit (57) , however, tobacco mosaic virus particles do not possess permanent dipole moments. Benoit has been able to show from his studies on the decay with time of the electrical birefringencc the Kerr effect--of the virus, that the orientation of the particles in an electrical field is due entirely to the maximum electronic polarizability of the particle being in the direction of its long axis.
London (58) has considered the van der Waals interaction of long chain molecules containing alternate single and double bonds. Such conjugated systems behave like oscillators of great extent as manifested by their unusual "electron transfer" spectra, and should attract one another over distances comparable with the length of the molecule. The infrared spectra of dried films of tobacco mosaic virus (unpublished results by the author) show no features which would not be expected from its amino acid content with the amino acids joined by peptide bonds, so that no long-range forces of the extended oscillator type should be operative between the virus particles. The sugtestion by Rothen (59) that his antibody-antigen film experiments in which he interprets his results as being due to long-range specific attractive forces are based on the kind of forces considered by London (58) , is not consistent with the concept of a protein as made up of amino acids joined by peptide linkages. Furthermore, Rothen's interpretation of his experiments as being due to longrange forces is subject to objections (60) (61) (62) concerning the homogeneity, on a molecular level, of protein films.
Jordan (63) has proposed a quantum mechanical theory of long-range interaction of large molecules but the theory is physically untenable as shown by Pauling and Delbrfick (64) . Two other theories, the sonic oscillator theory of Faberg6 (65) and the non-linear oscillator theory of Jehle (66) which attempt to explain the forces acting in chromosome pairing, are perhaps premature since there is no available evidence that molecules behave in the manner proposed and, furthermore, the cytological evidence available at present is not sufficient to justify the assumption that chromosome pairing does involve long-range forces.
The existence of the iridescent virus gel suggests the possibility of ordering of the particles at greater interparticle distances than those found by x-ray diffraction. According to Bemal and Fankuchen (3) , the distance (in millimicrons) between the parallel virus rods increases with decreasing virus concentration W (in per cent) according to the expression 165/VrW. If the result holds for dilute gels as well, then the particles in a 2.3 per cent solution should arrange in an orderly fashion with an interparticle distance of 108 m/z. But this length is much shorter than the wave length of visible light and, therefore, no light diffraction should occur since Bragg's law (Equation 4) requires that the spacing be greater than or equal to one-half the wave length of the light. The virus particles themselves are sufficiently long to satisfy the Bragg relation if they form an array with the reflecting planes separated by the length of the particles. Two possible configurations of the particles which would show Bragg reflection are represented in Fig. 9 . In Fig. 9 A the particles are arranged directly under one another but they also could be in a staggered arrangement as in Fig. 9 B. In a 10--4 molar salt solution the double layer has a thickness of 30 m# so that two particles placed end-to-end should be approximately 60 m~ apart and this spacing plus the length of the virus itself (280 m#) gives the observed interplanar spacing of 340 m#. It is significant that the disappearance of the iridescence is accompanied by end-to-end joining of the normal length rods. Such aggregated particles presumably disrupt the uniformity of the reflecting planes.
There are good reasons to believe from the light-scattering experiments, discussed earlier, that the bottom layer of the 2.3 per cent two-phase system contains optically isotropic rod-shaped particles arranged at uniform side-toside distance. It therefore appears that the iridescent gels are three-dimensional periodic structures. The only other indication that the virus particles can form true crystals is the existence of crystalline inclusion bodies in plant cells infected with tobacco mosaic virus (see, for example, reference 67). These inclusion bodies bear some resemblance to the crystallites in the iridescent gels. Recent microscopic examination of the crystalline inclusion bodies shows that these crystals also exhibit Bragg diffraction with visible light and, furthermore, show a banded structure, the width of the bands being approximately that of the length of the normal virus particles (68) . The virus particles in the contents of crushed leaf hair cells are nearly all the same length (69) and presumably exist in this form in the living diseased cell. If the iridescent gel crystals are identical with the virus inclusion bodies, it is difficult to imagine a region in the cell which is nearly salt-free, but this is the condition under which the purified virus crystals are stable in solution.
The lack of higher order Bragg reflections of visible light is probably due to the thermal motions of the particles. librium positions reduce the effective reflecting power of the reflecting planes just as in the case of the ordinary crystals in which the thermal motions of the atoms reduce the intensity of higher order Bragg reflections of x-rays (the Debye-Waller theory--see reference 29, chapter 9). At higher virus concentrations in which the particles should be more constrained to their equilibrium positions, higher order spectra might appear.
The rigidity of tobacco mosaic virus gels is of a different character from, for example, that of gelatin gel. In the case of gelatin the rigid structure is apparently due to the connecting links between the micelles in the gel (50) . In the sol to gel transformation of solutions of gelatin the turbidity increases due to the formation of micelles (70) . In the case of solutions of tobacco mosaic virus, on the other hand, the sol to gel transformation is accompanied by a decrease in turbidity showing that the particles are arranged in an orderly array. The rigidity of the virus gels is due not to cross-linkages between particles but rather to the repulsive forces operating between particles. The rigidity is not very great, however, and the gels may be broken down by applying a shear gradient. Thus, a virus gel exhibits typical thixotropic properties when the vessel in which it is contained is rotated and the rigidity is slowly restored if the system is left undisturbed. The rigidity of the gel is also destroyed if a small amount of salt, which decreases the repulsion, is added and the system then becomes turbid and optically isotropic.
SUM~ ~R¥
In a nearly salt-free medium, a dilute tobacco mosaic virus solution of rodshaped virus particles of uniform length forms two phases; the bottom opticaUy ardsotropic phase has a greater virus concentration than has the top optically isotropic .phase. For a sample containing particles of various lengths, the bottom phase contains longer particles than does the top and the concentrations top and bottom are nearly equal. The longer the particles the less the minimum concentration necessary for two-phase formation. Increasing the salt concentration increases the minimum concentration.
The formation of two phases is explained in terms of geometrical considerations without recourse to the concept of long-range attractive forces. The minimum concentration for two-phase formation is that concentration at which correlation in orientation between the rod-shaped particles begins to take place. This concentration is determined by the thermodynamically effective size and shape of the particles as obtained from the concentration dependence of the osmotic pressure of the solutions measured by light scattering. The effective volume of the particles is introduced into the theory of Onsager for correlation of orientation of uniform size rods and good agreement with experiment is obtained. The theory is extended to a mixture of non-uniform size rods and to the case in which the salt concentration is varied, and agreement with experiment is obtained.
The thermodynamically effective volume of the particles and its dependence on salt concentration are explained in terms of the shape of the particles and the electrostatic repulsion between them. Current theories of the hydration of proteins and of long-range forces are critically discussed.
The bottom layer of freshly purified tobacco mosaic virus samples shows Bragg diffraction of visible light. The diffraction data indicate that the virus particles in solution form three-dimensional crystals approximately the size of crystalline inclusion bodies found in the cells of plants suffering from the disease.
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